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Researches on plant organelle genomes are intriguing due to
their distinctive characteristics: both plastids and mitochondria are of
bacterial endosymbiont origins with deconstructed genomes, presenting
many enigmatic features gained/shared from both prokaryotes and
eukaryotes in the evolution; chloroplasts and mitochondria are the
two key power houses of plant cells and many components of the
energy generating systems (e.g. photosystems in chloroplasts and
respiratory chain in mitochondria) are encoded by both nuclear and
organelle genomes; the cross-talk between nuclear and organelle
gene transcription and translation is coordinately regulated with
high specificity. One example is the exclusively land plant-expanded
nucleus-encoded RNA-binding PPR (pentatricopeptide repeat)
proteins which participate in specific RNA processing mechanisms
in both organelles. All of these characteristics make the researches on
plant organelles fascinating. Next generation sequencing technologies
(NGS) has completed the nucleus and organelle genome sequences
of many plant species, which were designated as the uncovering of
“the book of life” of an organism. However, it is the transcription and
dynamic coordination between nuclear and organelle genes that specify
a plant cell, here we can refer to the elucidation of plant transcriptome
as revealing “the legend of life”.

Numerous studies on the global transcriptome of the model plant
Arabidopsis adopted microarray technology in the past decades.
However these studies either employed Affymetrix ATH1 microarray or
homemade microarray with limited number of probes. The Affymetrix
ATHI microarray only contains 22,500 probe sets for 24,000 genes and
could not represent all the genes in the Arabidopsis genome (>30,000
genes in TAIRI10), regardless of the various RNA spliced variants.
Besides, no genes from the chloroplast and mitochondrial genomes
are represented; the missing of transcription data of organelle genomes
is a major deficiency of these studies. While the microarray chip
from another supplier (NimbleGen) contains >30,000 probe sets that
represent the whole nuclear genome and partial organellar genomes,
the expression data on transcripts encoded by organellar genomes
should be interpreted in caution due to the complex RNA sequences
produced by posttranscriptional processes which still could not be
differentiated by these microarray studies.

Although the genomes of these two organelles are small and contain
relative few genes, the RNA transcribed from organellar genomes
undergo extensive posttranscriptional processing, including 5-end
and 3’-end processing, multicistronic transcription, intercistronic
processing, RNA splicing and RNA editing [1]. RNA editing is a
unique feature of land plant plastids and mitochondria, which involves
the conversion of specific cytosine (C) to uracil (U) nucleotides after
mRNA transcription in seed plants. The conversion is not due to a
substitution of nucleotide but rather is generated by a deamination or
transmination reaction [2]. 41 and 441 editing sites in the Arabidopsis
chloroplast and mitochondrial genomes have been identified by the
traditional Sanger sequencing technology [3,4]. Some of these editing
sites result in amino acid substitutions (e.g. Ser>Leu, Thr=> Met,
etc) and the degree of RNA editing of some sites were shown to be
tissue- and/or development-dependent [5], thus the qualification and
quantification of RNA editing efficiency responded to different internal/

external environments is an open question for scientists. All of the
above posttranscriptional processes produce complex RNA sequences
that could not be differentiated by microarray. RNA sequencing (RNA-
seq) is thus a more powerful technique for studying the transcriptome
of these two organelles.

To sequence organellartranscripts by RNA-seq, the experimental
method for preparing RNA should be carefully considered. The reason
is, organellar transcripts do not generally contain polyA tail, as do
the nuclear transcripts, and posttranscriptional polyadenylationof
organellar transcripts accelerates their degradation [6]. Therefore, the
general approach of isolating poly(A)+ mRNA by oligo (dT) before
cDNA synthesis will lead to biases. Removal of ribosomal RNA by
rRNA removal kit is the preferred methodfor the studies on organellar
transcriptome.

We have been studying fast-growing transgenic Arabidopsis which
contained significantly higher leaf sucrose [7,8] and ATP [9] than
the wild-type (WT). Microarray studies showed that transcriptional
regulation does play important roles in starch, sucrose, N, K and
Fe uptake, amino acids and secondary metabolites metabolisms
[9]. By adopting the RNA-Seq approach described above, total
leaf transcriptome profiles between the WT and the fast-growing
transgenic plant were compared at three time points (t=0, 1, and 8 hr
after illumination). The transcripts of 29,435 genes were detected in the
six datasets and eleven to thirteen thousands alternative splicing events
were identified in each dataset, all of which can further improve the
Arabidopsis genome annotation. Moreover, transcripts encoded by the
chloroplast and mitochondrial genomes were quantified and the degree
of RNA edit were compared between the plants. Our data show that
RNA-seq is a powerful tool for studying plant organellar transcriptome.
More findings on the regulation of plant organellar transcriptome
under various conditions (e.g. light intensity, wavelength, and stresses)
will provide more information on plant physiology.

Nonetheless, the “standard” RNA-seq methods described in
many researches are often not adequate. The major reason is that
high-throughput RNA-seq derived from current NGS technology
require extensive amplification process for short read sequences,
which actually are prone to sequencing errors (about one error in
one thousand nucleotides (0.1%) in current popular high-throughput
sequencing platforms [10]. To abate such errors, besides to increasing
sequencing depths followed by bioinformatics filtering, more
biological replicates or cross-platform replicates are required. In the
calls of RNA editing sites by deep RNA-seq, the center of controversy
is exactly the sequencing and mapping errors and genetic variants. Li
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et al. [11] reported ~ 10,000 RNA-DNA sequence differences (RNA
editing events) in human cell, whereas most of those sites are argued to
be false discovery [12]. Peng et al. [13] also described the deep RNA-seq
of a Han Chinese individual and identified 22,688 RNA editing events
across the genome. In our Arabidopsis RNA-seq study, after a very
stringent bioinformatics filtering process, we identified in total 207
RNA editing sites in mitochondria, 163 of which are consistent with
previously reported sites generated by Sanger sequencing [4], which
indicates there is at least ~20% of these possible RNA editing sites
revealed by RNA-seq need further validation.

To solve the above problems, many specialized RNA-seq
technologies have been developed, especially for studying the complex
post-transcription processes in organelle-derived transcripts and
non-coding RNAs. Significantly, strand-specific RNA-seq approach is
optimally applicable for RNA editing studies, because this method can
preserve DNA strand information that waslost in the cDNA preparation
process in most of the other RNA-seq methods [14]. More recently a
modified strand-specific RNA-seq method with high mapping and
quantifying rates: strand- and transcript-specific RNA-seq method
(STS-PCRseq)was reported [15]. Another challenge for plant organelle
transcriptome researches is the ubiquitous of homologous genes across
organelles and nucleus: NUMTs (nuclear mitochondrial transcripts)
and NUPTSs (nuclear plastid transcripts) [16]. 48 and 17 out of 122 and
88 protein coding genes in Arabidopsis mitochondrial and chloroplast
genomes have homologs in the nucleus. We should always keep in
mind that when mapping total transcriptstome these homologous
genes, it is often difficult to discriminate organelle-derived transcripts
from nucleus-derived ones. Some researchers tried bulked segregated
RNA-seq method [17], which is able to an extent to identify and
quantify homologous genes with extensive polymorphism. While the
bulked segregated RNA-seq experimental approach can improve this
problem, much effort should be paid in computational algorithms for
short reads mapping and quantifying (such as for the SOAP and also
Cufflinks software, they usually abandon multiple-mapping reads and
only keep unique mapping reads for expressed genes identification and
quantitation). Besides, some other adapted RNA-seq methods have
been designed, likedouble-stranded RNA-seq, which can elucidate the
secondary structures of RNA [18], and differential RNA-seq, which can
uncover the TSSs and many transcripts processed sites [12]; the later
method focus on non-coding RNA, and can describe an entire RNA
molecule from 5’- to 3’- end.

In general, short-read RNA sequencing has been widely employed
in the description of gene expression. However, it is still limited in
the aspects of specificity and sensitivity especially for RNA editing
qualification and quantification, which can only be inferred from a
patchwork of short fragments. Similarly, RNA-seq is helpful but is still
limited for the mapping of homologous genes; moreover, most RNA-
seq techniques cannot identify full-length transcript isoforms using
short reads. In the future, besides reducing the sources of errors by
increasing sequencing read depth followed by optimized bioinformatics
filtering steps, or by adding more technical, biological, or cross-platform
replicates for one RNA-seq experiment, two strategies can improve
the problems described above in plant organelles transcriptome
researches: 1, plant organelles transriptome studies, that is, extract
transcripts from isolated mitochondria or chloroplast for RNA-seq;
2, the newly single-molecule long-read sequencing technology from
Pacific Biosciences, of which the read length can reach up to 1.5 kbp
without any fragmentation and amplification [19], there by resolving
many potential problems met by current multiple RNA-seq methods.
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